Abstract-Magnetic resonance (MR) cystography or MR-based virtual cystoscopy is a promising new technology to evaluate the entire bladder in a fully noninvasive manner. It requires the anatomical bladder images be acquired at high spatial resolution and with adequate signal-to-noise ratio (SNR). This often leads to a long-time scan (>5 min) and results in image artifacts due to involuntary bladder motion and deformation. In this paper, we investigated an image-processing approach to mitigate the problem of motion and deformation. Instead of a traditional single long-time scan, six repeated short-time scans (each of approximately 1 min) were acquired for the purpose of shifting bladder motion from intrascan into interscans. Then, the interscan motions were addressed by registering the short-time scans to a selected reference and finally forming a single average motion-corrected image. To evaluate the presented approach, three types of images were generated: 1) the motion-corrected image by registration and average of the shorttime scans; 2) the directly averaged image of the short-time scans (without motion correction); and 3) the single image of the corresponding long-time scan. Six experts were asked to blindly score these images in terms of two important aspects: 1) the definition of the bladder wall and 2) the overall expression on the image qual- ity. Statistical analysis on the scores suggested that the best result in both the aspects is achieved by the presented motion-corrected average. Furthermore, the superiority of the motion-corrected average over the other two is statistically significant by the measure of a linear mixed-effect model with p-values < 0.05. Our findings may facilitate the detection of bladder abnormality in MR cystography by mitigating the motion challenge. The effectiveness of this approach depends on the noise level of acquired short-time scans and the robustness of image registration, and future effort on these two aspects is needed.
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I. INTRODUCTION

B
LADDER carcinoma is the most common malignancy of the urinary system [1] , [2] . According to the latest report from the American Cancer Society, bladder cancer has been ranked as the fifth leading cancer incidence (after lung/bronchus, prostate, breast, and colon) and the eighth leading cause of cancer-related deaths in the U.S. An estimated 73 510 new cases of bladder cancer and 14 880 death cases were expected to occur in 2012 in the U.S. alone, which increased by 30% and 18%, respectively, compared with the numbers in 2002 [3] , [4] . Early detection of bladder abnormalities is crucial for improving patient prognosis and treatment. In addition to the early detection task, management of a detected bladder tumor is another task and can be more challenging because of its high recurrence rate (as high as 80%) after local tumor resection [5] . Because of the high recurrence rate and lack of convenient detection methods, the lifetime treatment costs associated with bladder cancer is probably the highest among all cancers [6] . Therefore, a reliable, noninvasive, and easy-performance method for bladder evaluation is clinically desired.
The conventional fiber-optic cystoscopy (OCys) is currently accepted to be the most accurate method for diagnosis and surveillance of bladder cancer; however, it is invasive, costly, and uncomfortable with limited field of view (FOV) and a risk of 5% to 10% of urinary tract infection [7] , [8] . In recent years, virtual cystoscopy (VCys) has been developed and suggested to be a promising potential alternative. It mimics the navigation environment of OCys by virtually reconstructing the whole bladder in 3-D space [9] - [13] .
Currently, computed tomography (CT) and magnetic resonance (MR) imaging are two most important imaging modalities to perform the VCys. The advantages of CT imaging include its high spatial resolution, fast acquisition speed, and wide availability. However, its insensitive to soft tissue (including the urine) forbids CT from offering good image contrast in bladder wall [14] . Although the weakness can be partially alleviated by injecting exogenetic contrast medium, the CT procedure turns out invasive and uncomfortable. In addition, CT scan delivers a significant amount of X-ray exposure to the patients, which substantially increase the risk on the patients. Compared to CT, MR imaging provides several advantages for local detecting and staging bladder carcinoma due to its intrinsic superior soft tissue contrast. Especially, when the thickness of the bladder wall has been recognized as a biomarker of bladder abnormality, both the inside urine and the outside fat of the bladder can naturally serve as an endogenous contrast medium to aid differentiating image intensities of the bladder wall against its surroundings [15] , [16] . Preliminary studies have demonstrated that there was not statistically significant difference between CT and MR based VCys for bladder cancer detection with the pooled sensitivity of 0.908 (95% CI, 0.827-0.959) and the specificity of 0.948 (95% CI, 0.884-0.983) [17] - [22] . Therefore, MR-based VCys or MR cystography is a promising, completely noninvasive (and may be better than CT based VCys) technique for use in the detection and management of bladder lesion.
Tumor in bladder is a malignant overgrowth of cells in the bladder and gradually invades from the mucosa into the muscle layer of the bladder wall. According to the reports [19] , [20] , the thickness of bladder wall, which is measured between the inner and the outer borders, was suggested to be a good indicator of occurrence of bladder abnormalities. Accurately delineating the inner and outer borders is crucial for measuring the thickness [15] , [23] . Based on the measurements, the normal thickness of the bladder wall is around 3 mm when it is moderately distended [19] and the flat and/or small tumors at early stage of penetration of carcinoma are less than 5 mm [22] . Therefore, images with high spatial resolution (voxel size is around 1.0 mm ×1.0 mm × 1.0 mm) are required to present the bladder wall. However, increasing image resolution is very expensive in signal-to-noise ratio (SNR) in a 3-D situation. Anatomical structure details maybe obscured due to insufficient SNR, and then the quality of postprocessing work (e.g., delineation of the bladder wall) is considerably influenced by image noise. In an effort to obtain bladder images with high spatial resolution and sufficient SNR, a simple solution in MR scan is to increase the parameter value of signal averaging [24] , i.e., the number of acquisitions (NSA) or the number of excitations (NEX), which is a common means to increase SNR by averaging several measurements of the signal in the k-space. In theory, SNR scales approximately with the square root of the NSA or NEX, while scan time scales directly with the NSA. Therefore, increasing the NSA value extends the scan time and is prone to image artifacts due to the bladder wall motion, expansion, and deformation.
In order to mitigate the motion artifacts for high spatial resolution on the borders of the bladder wall and adequate SNR on the wall, a retrospective motion correction (RMC) is investigated in this study. The RMC assumes that the intrascan motions can be shifted into interscan motions by dividing a long-time acquisition into several short-time acquisition segments and the interscan motions can be corrected retrospectively using image registration techniques. Similar strategies have been successfully applied in functional MRI, digital subtraction angiography, and positron emission tomography (PET) [25] - [27] . Some recent investigations on the RMC strategy were also reported for correction of rigid head motion in MR anatomical imaging. For example, Kochunov et al. [28] divided a long-time MR brain acquisition into six segments and employed the FLIRT registration [29] to rigidly align the six segments. The formed average image shows better contrast-to-noise ratio (CNR) and more boundary details compared to the average image without alignment of segments. Aksoy et al. [30] divided the k-space into several segments and considered the motion by individually correcting for the rotation and translation of each segment via minimizing an entropy-based autofocusing criterion. Sharper edges in the final image were observed after the motion correction. The superiority of the RMC is its simplicity without hardware modification and supplementary equipment, e.g., no specialized coil, is needed during data acquisition.
In this study, we investigated the feasibility of the RMC strategy, particularly for the MR imaging of moving, expanding, and deforming bladder wall. Considering both the processes of data acquisition and post image processing, we studied two key points: 1) scan protocols for the short-time acquisition segments; and 2) selection of suitable nonrigid registration algorithms. Considering the two main advantages (i.e., shorter scan time and less partial volume (PV) influence on the inner border of the wall) of T 1 -weighted imaging over T 2 -weighted imaging, T 1 -weighted MR scans were used primarily for the purpose of delineating the bladder wall. To generalize the scan settings, no local or surface coil was used during the scanning. To trace the bladder motion among the short-time T 1 -weighted scans, a nonrigid registration algorithm is needed. As is known, the mutual information based registration is commonly used in medical image processing. The registration is automatically achieved based on the maximization of images' mutual information in combination with a parameterized deformation field. Many previous investigations demonstrated that the mutual information based registration to be very powerful and reliable [31] , [32] . For example, Rueckert et al. [33] used normalized mutual information as the voxel-based similarity measure to automatically recover the motion of MR breast scans. Mattes et al. [34] registered PET and CT chest images. Balci et al. [35] successfully expanded Miller et al.'s method [36] to provide a template-free approach of groupwise registration of all images to the common tendency of the population for synthetic proton density data, T 1 , T 2 , and fluorescein angiography images, respectively. Since a large number of data samples are used to estimate the mutual information, the effects of image noise on the metric are attenuated which is suitable for the MR image registration with lower SNR. On the other hand, many nonrigid registration algorithms are based on physics-based deformation models such as elastic models [37] . However, in our case, the elastic properties of the bladder tissues can differ across patients and with different ages, which makes the application of such models difficult, especially in the presence of tumors. Therefore, in this study, we employed the free-form deformation (FFD) model based on the B-splines. Compared to the physics-based models, B-splines-based FFD model makes no assumption of the elastic properties of the bladder tissues. And it also possess superior "local support" nature, general applicability, and computational efficiency [33] , [38] , [39] .
To evaluate the presented approach on clinical data, two types of images were acquired during a bladder scan: 1) multiple shorttime acquisitions with NSA = 1; and 2) a single long-time acquisition with NSA from 4 to 8. The interscan motion of the short-time scans was mitigated by a normalized mutual information nonrigid registration based on the FFD model. The evaluation was implemented among the presented motion-corrected average, the direct average (without motion correction), and the single long-time acquisition. The expectation of this study is that realignment and averaging of multiple short-time acquisitions would mitigate the bladder motion artifacts and provide a better final image when compared to the direct average and the single long-time acquisition of approximately same overall amount of scan time.
II. METHOD
A. Bladder Scan Protocols
In order to obtain an adequate tradeoff between the bladder wall outline and the SNR level in the short-time acquisitions, investigating a suitable MR scanning protocol is an important step. Both T 1 -and T 2 -weighted protocols were investigated. The T 1 -weighted imaging was considered primarily for bladder wall extraction because of the two major reasons mentioned above. In general, T 1 -weighted imaging takes less time and gains contrast by lowering the lumen intensity, so the desired signals or bladder wall is enhanced, as shown in Fig. 1(a) . In contrast, T 2 -weighted imaging increases the image intensities of the lumen where the enhancement tends to "swallow" small abnormalities on the bladder border due to the PV effect, as shown in Fig. 1(b) [23] . Since T 2 -weighted images provide good pathological information about the tumor invading in the wall, it would be useful for wall analysis after the bladder extraction [40] . In our experiment, both T 1 and T 2 images were acquired without exogenetic contrast medium, i.e., a fully noninvasive procedure.
After investigating several potential data acquisition protocols, we found that the combination of body coil for transmitting and sense-cardiac coil for receiving, and using the 3-D T 1 high resolution isotropic volume examination (THRIVE) pulse sequence with the following scan parameters, can achieve an adequate tradeoff between noise and contrast [41] . THRIVE is a Philips MRI pulse sequence using parallel imaging combined with a spectral saturation with inversion recovery (SPIR) 3-D T 1 -weighted turbo spin-echo sequence to obtain images of high resolution and coverage in short breath-hold examinations. SPIR is a method of fat suppression combining both chemical selective and short TI inversion recovery (STIR) methods. A typical high-resolution T 1 -weighted spin-echo image was obtained with 0.9375 mm isotropic, axial orientation, 224 × 224 matrix, 21 cm FOV, 2 mm section thickness, 1 mm intersection gap, 84 slices, 1 signal acquired, TR/TE = 6.25/3.87 ms, and flip angle = 10
• . An example of the acquired T 1 -weighted images is demonstrated in Fig. 1(a) .
B. Repeated Short-Time Scans
Generally speaking, patient motions can be sorted into two kinds: voluntary and involuntary motions [28] . Voluntary motions are related to the unpredictable movements of patients during scan. In our experiments, the patients were given instructions of keeping still with the help of a belt motion suppression system with pads and immobilization straps during data acquisition. It dramatically reduced the voluntary motions. Involuntary motions are related to heart beat, lung breath, etc. To mitigate effect from the involuntary motions, patients were instructed to keep breath smoothly and regularly. Prior to the scan, the subject (i.e., patient or volunteer) was asked to empty the bladder and then drink a bottle of water about 12 fl oz. It took about 15 to 20 min to allow the urine to fill in the bladder while the scanner and the subject were preparing for scan. When the bladder is stretched by urine, the small structures on the mucosa of the bladder wall would be more visible. In addition, the urine serves as a natural contrast agent for the imaging. During the scanning, the bladder is being slowly stretching by the urine inflow.
For each subject, up to eight short-time scans with NSA = 1 were acquired at an image array of 224 × 224 × 84 with a voxel size of 0.9375 mm × 0.9375 mm × 1.0 mm. The acquisition time for a single short-time scan was approximately 1 min. A single long-time scan was acquired with NSA = 4, 5, 6, 7, and/or 8, depending on the urine filling situation. If the subject could hold for a longer time, more long-time scans or a single longtime scan with larger NSA value were acquired. The acquisition time for a single long-time scan of NSA = 6 is slightly less than the total time of six short-time scans, i.e., between 5 and 6 min.
C. Motion Correction
Bladder motion correction is the problem of determining transformations that capture the motion of every point on the bladder wall across the short-time acquisitions. To test the feasibility of RMC for bladder MR imaging, we selected components of a registration method based on popular and well-evaluated algorithms. Fig. 2 illustrates an example of histograms inside identical regions of interest (ROIs) enclosing the whole bladder wall from six short-time acquisitions. It is noted that the intensity values almost keep consistent among the short-time acquisitions; thus, some simple measures may work for this registration task, such as the sum of squared differences (SSD). Considering that short-time acquisitions are with low SNR, the normalized mutual information (NMI) would be preferred and was utilized in this study, because the noise effects on this metric can be attenuated, because the image statistics is estimated using a large quantity of pixel samples.
Taking into account the prior knowledge that the bladder is a hollow muscular and elastic organ, the motion of bladder wall takes a nonrigid fashion so that the global transformation models, such as rigid or affine transformations, are not sufficient to capture this kind of motion. Therefore, following the work [33] , we took a combined transformation to describe the nonrigid motion. The combined transformation consists of a global transformation and a local transformation. The global transformation is a 12 parameter affine transform and the local transformation is an FFD model based on the cubic B-splines. The global transformation describes the overall motion of the bladder and the local transformation captures the bladder's local deformation. The basic idea of FFD is to deform an image by manipulating a regular grid of control points that are distributed across the image. The spacing of control point grid determines the resolution of the control point grid and can be arbitrarily set. When a higher resolution of the control point grid is set, a higher local nonrigid deformation will be obtained at the cost of more computing time. The spacing setting would be determined according to the requirement of accuracy and computational efficiency.
The L-BFGS-B (Limited-memory Broyden-Fletcher Goldfarb-Shannon minimization with simple Bounds) was employed to optimize the registration algorithm. The L-BFGS-B is a limited-memory algorithm for solving large nonlinear optimization problems, which minimizes a nonlinear function f of m variables subject to simple bounds on the variables. Unlike the traditional BFGS method that stores a dense approximation, the L-BFGS-B stores only a few vectors that implicitly describe the approximation. The moderate requirement of memory makes L-BFGS-B well suitable for the optimization problems with a large number of variables [42] , [43] .
To obtain transformation fields that capture the anatomical variations at different scales, a hierarchical scheme was performed by gradually increasing the complexity of the transformation fields during registration [33] . First the global affine registration was performed. The resultant affine transformation was used to initialize a low-resolution deformation field with a coarse grid of FFD control points. Then, we increased the resolution of control points to gradually refine the registration. The implementation of the registration algorithm was based on the Insight Toolkit package [44] .
The pipeline of the presented motion correction approach is depicted in Fig. 3 . Since larger deformation may degrade the performance of registration, the reference image of registration was selected with an effort to minimize the total discrepancy between itself and other images. In other words, the third short-time acquisition out of the six short-time acquisitions was selected as the reference image of registration. All other short-time acquisitions were aligned to the reference image before averaging them.
III. RESULTS
The presented approach was tested on five subjects (two normal volunteers and three patients). The ages of the volunteer group were around 28, and the ages of the patient group were 71.3 ± 8.4. All subjects were scanned on a clinical 3T whole body MR scanner at the Stony Brook University Medical Center after informed consent. The high-resolution acquisition protocols were described in Section II. A typical dataset contains approximately 84 slices. Before registration, we manually defined a cubic ROI enclosing the whole bladder. In all experiments, we started our registration with a coarse control point grid spacing of 20 pixel units and ended it with a fine control point grid spacing of 10 pixel units on an image slice. The NMI was computed using 1) number of spatial samples = 20% of total pixels, 2) number of histogram bins = 32, 3) termination criterion with respect to the projected gradient = 10 −7 [43] , and 4) maximization number of iterations per resolution = 2000. Each pair of registration reached convergence around 400 iterations.
To assess the effectiveness of the presented approach with comparison to currently available methods, two groups of images were acquired. One group is the short-time acquisitions with NSA = 1. The other group is the long-time acquisition with signal excitations (NSA> = 4) in each subject study. The registration algorithm was applied to align the short-time acquisitions to the selected reference. Hence, the comparison was performed among three types of final images: 1) the presented motion-corrected average of short-time acquisitions; 2) the direct average of the short-time acquisitions; and 3) the single long-time acquisition. Fig. 4 illustrates examples of interscan motions of short-time acquisitions in a volunteer scan and a patient study. The corresponding difference images without registration are shown in Fig. 4(c) and (g) , where the residuals show the underlying noise of the image acquisition and the effect of mis-registration due to bladder motions, which is clearly visible among the short-time acquisitions. Fig. 4(d) and (h) shows the difference images after registration. It is noted that the bladder motions were dramatically mitigated after registration. Since the expectation of this study is that realignment and averaging of multiple short-time acquisitions would provide a better final image when the motion artifact is noticeable, the following sections will compare 1) the average after registration; 2) the average without registration; and 3) the corresponding long-time acquisition.
A. Bladder Interscan Motions
B. Visualization Inspections
The first objective of the test is to determine how many repeated short-time acquisitions are optimal. If the number of repeated scans is more than what we need, we may gain nothing, but spend more time for both data acquisition and data processing. To achieve the objective, we acquired up to eight short-time acquisitions in some studies. Correspondingly, some long-time scans were acquired with NAS = 4, 5, 6, 7, and 8.
Based on the studies on these acquisitions, similar to that of Fig. 4 above, we found that the gain after averaging over six repeated short-time scans is not noticeable. In other words, increasing the time to acquire too many short-time scans may not gain much, but would sacrifice the computing efficiency. The same observation concurred in the long-time scans. Then, the six short-time scans and the long-time scan with NSA = 6 were concluded as an adequate choice.
Given six short-time scans, the next objective of the test is to show the gain by the presented approach in terms of enhancing edge details and preserving SNR (or enhancing SNR and preserving edge details). Fig. 5(a)-(f) illustrates an example of normal volunteer studies. Fig. 5(g )-(l) shows an example of patient studies. By visual judgment, a same conclusion can be drawn from these two figures as follows: averaging multiple short-time acquisitions enhanced the SNR as compared to the original short-time acquisitions. The averaged image with motion correction preserved better bladder wall definition than the averaged image without motion correction. The bladder walls were blurred without the motion correction.
In addition to the above comparison using the short-time acquisitions, another comparison was made between the average of motion-corrected short-time acquisitions and an equivalent long-time acquisition with signal average by the MR scanner. The signal average by the MR scanner is a k-space average that is controlled by the integer value of parameter NSA and is obtained by averaging multiple measurements in the k-space before image reconstruction. correction, as shown in Fig. 6(e)-(g) , the bladder wall is more clearly defined in terms of edge details and wall uniformity.
The above visual judgment is based on the commonly accepted assumption that if the bladder wall is more visible by eyes, then it is more recognizable by a computer.
C. SNR and CNR Measures
This experiment is to measure the gain of SNR during the averaging process. Since the bladder lumen is the only uniform region in the bladder, the signal was measured from the bladder lumen. And the noise was measured from a no-signal region outside of the bladder. Based on the method of Henkelman [45] and Kaufman et al. [46] , the SNR value can be calculated as
where u signal denotes the mean of signal and σ noise denotes the standard deviation of noise. Since the noise was measured in a no-signal region where the noise follows Rician distribution rather than Gaussian distribution, the factor of 1.5 was included to account for underestimation of σ noise when measured in air in a magnitude MR image [45] , [46] . The SNR values were measured by mean ± standard deviations for all five involved subjects (listed in Table I ). It is noted that the measured SNR boosted with the increment of the number of acquisitions in the average as expected, and more importantly, as compared to the long-time acquisitions, the final average of six short-time acquisitions achieved a comparable and possibly a higher SNR value.
The CNR values were measured with respect to the bladder wall and its surroundings. Experts were asked to outline the bladder wall and the bladder lumen. Since the bladder wall has a complicated surrounding outside, the bladder lumen was used as the background here. The CNR value was calculated by
where u wall and u background represent the means of the bladder wall and the background, respectively, and σ wall and σ background denote the standard deviations of the bladder wall and the background, respectively. Fig. 7 compares the CNR values between the final average images with and without motion correction of the five subjects. In all subjects, the motion-corrected averages outperformed the averages without motion correction. In addition to the qualitative visualization inspection and the quantitative SNR and CNR measures above, an evaluation of image quality by radiologist experts was made with statistical analysis in hope to correlate with clinical utility. The experimental study by the experts was conducted in the following section.
D. Evaluation of Image Quality by an Observer Study
In an effort to quantitatively compare the image quality acquired from the three different averaging methods: the long-time acquisition (i.e., intrinsic average by the clinical MR scanner), the direct average (without motion correction), and the presented motion-corrected average, six experts were asked to score on the resultant images in terms of two most important aspects, i.e., 1) definition of the bladder wall, and 2) the overall impression of images. For each subject, three volume images were obtained by the three different averaging methods, respectively. Three slices were, respectively, extracted from the same location (the location was randomly chosen) of the three volume images of the same subject, randomized in order and displayed on computer screen. The display did not have any indication on the displayed images of which averaging method was used. Therefore, it is a completely blind procedure. Experts scored from 0 (worst) to 10 (best) for the two aspects separately for each displayed image set.
Statistical analysis was applied to the scores from the six experts on the five studies (two volunteers and three patients). Fig. 8 illustrates the pairwise scatter plots of the scores for comparison of the proposed motion-corrected average against the nonmotion correction average. A Jitter plot technique was utilized in the scatter plots, which allows multiple observations with identical plotted values to be observable on the plot by adding a small amount of random noises to the values [47] . Fig. 8(a) shows the scores for the definition of the bladder wall. It is noted that, among 90 pairs of scores, there are 50, 21, and 19 pairs that the motion-corrected average obtained higher, equal, and lower scores than the nonmotion corrected average, i.e., 55.56% of data points fall above and 23.33% on the 45
• concordance line in the scatter plot. Similarly, as shown in Fig. 8(b) , 56.67% of data points fall above and 21.11% on the 45
• concordance. Similar results were observed when the motioncorrected average was compared with the long-time acquisition. In Fig. 9(a) , 66.67% of data points fall above and 8.33% on the 45
• concordance line in the plot. In Fig. 9(b) , 61.11% of data points fall above and 19.44% on the 45
• concordance line when the criterion is the overall impression of images. Therefore, the scatter plots suggested that the motion-corrected average tend to have the best performance among the three average methods for the two important aspects.
In addition to the scatter plots, statistical testing of the comparisons among the three averaging methods at each of two evaluation criteria was also conducted by a liner mixed-effects model that includes nested random effects [48] , [49] . The considered random effects here included a random subject effect and a random slice effect which were nested within each subject study. Including these random effects helped account for the correlations between evaluation scores from the same subject and its three slices which were randomly extracted from the volume of the subject. The fixed effects in the study included two main effects of expert and method, and their two-way interaction effect. The multiple comparisons among the three averaging methods were adjusted by the Tukey procedure [50] . The results of the linear mixed-effects model showed that the expert-by-method interaction was not significant at either aspect (both p-values > 0.86), which further suggested that six experts were in agreement in terms of ranking these methods. The resultant p-values for testing the differences in scores from two different methods are also shown in Figs. 8 and 9 . The motion-corrected average approach generated significantly higher scores than the nonmotion correction average method for the two aspect criteria (both p-values < 0.05 in Fig. 8 ). The corresponding 95% confidence intervals of the differences between motion-corrected average and nonmotion correction average were (0.03, 1.19) and (0.05, 1.24), respectively, for the definition of the bladder wall and the overall impression criteria. When compared to the long-time scan, the motion-corrected average also generated significantly higher scores (both p-values < 0.01 in Fig. 9) , with the corresponding 95% confidence intervals of the differences between motion-corrected average and long-time scan of (0.29, 1.99) and (0.33, 2.05), respectively, for the definition of the bladder wall and the overall impression criteria.
Therefore, the presented motion-corrected average approach outperforms both the nonmotion correction average method and the long-time scan at the both important aspects.
IV. CONCLUSION AND DISCUSSION
High quality anatomical bladder images are desired by MR cystography for the clinical tasks of measuring the wall thickness (a sensitive biomarker) and establishing a volume of interest (the entire 3-D bladder wall) for functional and pathological assessment of early sign of abnormality and management of recurrence. Because of the bladder deformation during scanning, the low SNR in a short-time acquisition (without signal average) and severe motion artifacts in a long-time acquisition (with signal average) have been remaining a challenging problem. To address this issue with an effective and simple way, we proposed an image-processing approach of acquiring repeated short-time acquisitions without signal average, performing nonrigid alignment of the short-time acquisitions to a selected reference, and finally forming a single motion-corrected average image. The approach was validated by experiments on both volunteer and patient studies. The validation demonstrated the feasibility of the approach in reducing motion artifacts and preserving edge details of the bladder wall while enhancing the SNR and CNR of the wall. The advantages of this approach are that no hardware modification or extra equipment, such as a specialized coil, is needed; the scanning procedure design is relatively simple (fully invasive); it has the capability of correcting for almost any deformations in image domain because it is not specific to scan protocols.
While most of the previous investigations performed the RMC method for rigid motion correction in k-space and some in spatial domain [29] , [30] , [51] , [52] , this work demonstrated that the RMC method can be successfully utilized for nonrigid motion correction of bladder MR imaging in the spatial domain. Since the motion correction in the k-space can only effectively compensate for rigid motions, such as: translation, rotation, expansion, and general affine, it is not desired to use direct correction method for nonrigid motions in the k-space. Therefore, to correct for the deformable bladder motion in the spatial domain would be a good choice where the bladder motion follows a nonrigid fashion. The experimental results of this study concurred with the expectation, i.e., the average in the k-space generated less desirable results than the image domain average after registration. Although the nonrigid registration procedure is computationally intensive, real time postprocess is not required for MR cystography. In addition, an optimized registration algorithm and parallel computing can reduce this limitation.
While the SNR increases as the number of signals increases, see Table I , the final results after the average of the six signals varied. The difference between the k-space average and the image domain average without registration can be attributed to the methodology difference, i.e., the former averages the k-space complex signals, while the latter averages the magnitude. Although the difference from 8.77 ± 0.72 to 9.56 ± 1.32 could not be claim significant, the difference is noticeable. The difference between the two image-domain averages (one with and the other without registration) can be attributed to the performance of the registration. The gain seems more from the average from six scans 1.41 than the average from two scans 0.30. The gain in CNR is more noticeable, see Fig. 7 , due to the registration.
As shown in Fig. 6 , there are no distinct features inside the bladder. This may limit the ability of the registration to some degrees in addressing the motion problem. Physics-based deformation models may add more distinct features to further improve the capability of this proposed approach.
The outcome of the proposed approach is promising for the following tasks: 1) it will facilitate the extraction of bladder wall for detection of bladder abnormality by providing better image quality [23] ; 2) it may potentially provide an alternative means to benefit dynamic MR imaging of other moving organs, such as heart, lungs, etc. Given the extracted bladder wall by the use of the anatomic MR imaging technology, other functional imaging modalities, such as diffusion-weighted imaging, contrast-enhanced imaging, etc., can be utilized to provide tissue contrast information inside the wall for functional studies and pathological assessment [40] .
Future work needs to assess the impact of the proposed method for detection of bladder abnormality, such as abnormal growth [53] , tumor, and cancer. With an effort to improve the performance of the presented bladder motion correction framework, several issues are needed to be investigated in the future work, e.g., refining the short-time scan protocols; incorporating a groupwise registration algorithm in the framework; utilizing more information to guide the motion correction; and evaluating the strategies of reference image selection (an unbiased or biased atlas) for the registration algorithms [54] .
